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Abstract: The utilization of used crosslinked functional polymers (CFP) applied as sorbents or
ion-exchangers is a great challenge arising from the need to protect the environment. In this
paper we report a very promising way of obtaining carbon/magnetic composites based on metal
(Co2+; Ni2+; Fe3+) derivatives of butadiene rubber-based phosphorus-containing polymer, which were
treated as the model used CFP. We proposed a facile one-step thermal degradation approach to
transform used CFP into carbon/magnetic composites (CMC). The obtained CMCs contained a
mixture of metal phosphates and metal phosphides that exhibited strong magnetic properties
due to the presence of nanosized metal derivatives with diameters of 100–140 nm. Structural
and morphological changes of CFP and CMC after thermal degradation were investigated by
the FTIR technique, X-ray Diffraction analysis, Scanning Electron Microscope, and Atomic Force
Microscope–Magnetic Force Microscope. Moreover, thermal degradation kinetics parameters were
determined to optimize the efficiency of the process.
Keywords: phosphorus-containing polymer; thermal degradation; carbon/magnetic composite;
nanoparticles
1. Introduction
Crosslinked functional polymers (CFP) as sorbents and ion-exchange resins have been widely
used in the production of demineralized and deionized water [1], boiler feed water in high pressure
steam generators [2], in the treatment of waste water originating from the plating industry or nuclear
power stations [3–5], and as solid acid catalysts applied for metal separation from aqueous solutions [6].
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The reuse of used CFP with adsorbed metal ions requires regeneration of the polymeric material by
the desorption process of metal ions using various acid [7,8], base or salt solutions [9]. However,
such treatments have serious disadvantages. First of all, the number of sorption and desorption
cycles is limited due to deterioration of the chemical and physical properties of the CFP after each
cycle [10]. Secondly, the solutions used for the regeneration become contaminated with metal ions
and also need to be disposed. Thus, in some cases the costs of regeneration process are too high
and economically unprofitable in comparison to purchasing new, non-used polymers. Finally, some
of the polymers cannot be used even after regenerations if e.g., they were loaded with radioactive
nuclides [11]. Thus, the used CFP have been accumulating as solid wastes and are considered to be
useless materials. Used CFP are mostly deposited in landfill sites where they may undergo degradation
and release as hazardous species that could contaminate the environment [12]. Several approaches
were proposed and investigated for utilization of used CFP such as: Burning with copper oxide
catalyst [13], pyrolysis for reducing the waste volume and obtaining more stable final form of waste [14,
15], application as a replacement of fuel in sintering processes [16], or usage as additives to coal for
coke production [17]. Apparently, most of these methods lead to degradation of CFP while it would
be more beneficial if some functional materials could be obtained instead. Moreover, the amount of
used CFP residual after thermal degradation (TD) drops to the level of about 30–40% of the initial
mass [18–21]. In this regard, a feasible approach for the utilization of used CFP may involve the
preparation of various carbon materials (CM) such as activated carbon (AC). Various ACs have been
obtained and used as: Adsorbents for various types of commercial resins [22], Amberjet 1200 H
resins [23,24], and polysulfonated cation exchange resins [25,26]. Recent research has focused on the
fabrication of AC/iron composites based on spent polystyrene resin [27]. Due to specifically designed
multi-stage conditions (carbonization and activation in a horizontal cylindrical furnace under N2 flow)
such composites contained zero-valent iron and iron oxides (Fe3O4, γ-Fe2O3), which ensured their
magnetic properties. Nowadays, such materials, i.e., magnetic composites (MC), are considered as
promising functional materials that have gained significant attention due to their inherent magnetic
properties [28,29]. It is well known that the properties of CM are determined both by their structure
and the chemical nature of their surface [30]. The spatial arrangement of the carbon atoms determines
the texture and structure of CM, while the presence of various heteroatoms such as oxygen, nitrogen, or
phosphorus, originating from the precursor or activation agent, changes their chemical properties [31,
32]. CM with incorporated heteroatoms that ensure the magnetic properties keep the simplicity of
their preparation using the thermal degradation methods and enable, e.g., their easy removal of the
system just by applying a magnetic field.
In this paper a very promising, environmentally-friendly and resource-saving method of used CFP
treatment leading to fabrication of carbon magnetic composites (CMC) was proposed. Metal derivatives
of butadiene rubber-based phosphorus-containing polymer (Fe-PhCP, Co-PhCP, Ni-PhCP) were
investigated as the model used CFP. Generally accepted, conventional TD without any modification
was used as an approach for obtaining CMC. The studies of thermal behavior of the Fe-PhCP, Co-PhCP,
Ni-PhCP, and kinetic analysis of the TD in comparison to initial PhCP materials are described in this
work. Kinetic analysis allowed to reveal the optimum parameters of synthesis of CMCs. In addition,
investigation of TD process in details disclosed the influence of metal ions on the TD process of PhCP.
The organic nature and crosslinked structure of the polymer, the presence of phosphorus-containing
functional groups and metal ions in the polymer structure enabled obtaining functional CMC.
A structural and morphological characterization of CMC using SEM, XRD, and AFM-MFM was
also performed and their magnetic character was confirmed.
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2. Materials and Methods
2.1. Materials
Phosphorus-containing polymer (PhCP) in the hydrogen form as a starting material was
synthesized via oxidative chlorophosphorylation reaction of butadiene rubber using the method
described before [33]. The corresponding metals salts (Co(NO3)2·6H2O; Ni(NO3)2·6H2O;
and FeCl3·6H2O) were used for preparing metal forms of PhCP. All salts were chemically pure
(p.a.) and purchased from Gorex Analyt GmbH.
2.2. Preparation of PhCP Metal Forms
The metal forms of the PhCP were prepared by mixing of PhCP (0.3 g) with 90 ml of water solutions
of corresponding metal salts (10 mM). Mixtures were left for shaking in a temperature-controlled shaker
for 12 h at room temperature. Afterwards, the dark brown powder was filtered and dried in the air at
room temperature (RT). The metal concentration in solutions before and after adsorption was controlled
by means of atomic emission spectroscopy (Optima 2100 DV, Perkin Elmer, Waltham, MA, USA).
2.3. Fourier Transform Infrared (FTIR) Spectroscopy Analysis
The PhCP and all metal derivatives were characterized by FTIR using a Nicolet iS10 FTIR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with ATR accessory (SMART iTX, Thermo
Fisher Scientific). All samples were analyzed after vacuum drying. The obtained spectra were baseline
corrected and normalized using Omnic v9.0 software (Thermo Fisher Scientific).
2.4. Thermal Degradation (TD)—Preparation of Carbon/Magnetic Composites
TD was performed on NETZSCH TG 209/cell Thermal Analysis System (Netzsch, Selb, Germany)
working in the temperature range between 20 and 850 ◦C using Al2O3 crucibles. TD process
for the carbon materials (CM) and carbon/magnetic composites (CMC) for granulated samples
(the mass of each sample was equal to 10.16 ± 0.27 mg) was carried out in a synthetic air flow
(35 mL·min−1) with heating rate of 1 K·min−1. Moreover kinetic analysis was performed at four
different heating rates (β = 5, 10, 15, and 20 K·min−1). The results of TD processes were shown as
thermo-gravimetric/differential gravimetric (TG/DTG) curves.
2.5. SEMMeasurements
Scanning Electron Microscopy (SEM) images were obtained using Phenom Pro microscope
(Phenom World, Eindhoven, The Netherlands) with backscattered detector and an operation voltage
of 10 kV. Samples were not coated with a gold or carbon layer before imaging.
2.6. X-ray Diffraction (XRD) Study
X-ray diffraction experiment were performed with a Siemens D5000 diffractometer (Siemens AG,
Munich, Germany) at RT equipped with CuKα source and a rear graphite monochromator. The samples
were placed on a glass substrate and fixed at the table of the goniometer. The diffraction
patterns obtained were analyzed with the X’Pert Highscore Plus software (Malvern Panalytical,
Worcestershire, UK) in order to identify the crystallographic phases present in the studied materials.
2.7. Atomic Force Microscopy (AFM) and Magnetic Force Microscopy (MFM) Measurements
Atomic Force Microscopy (AFM) images were obtained with Dimension Icon atomic force
microscope (Bruker, Santa Barbara, CA) working in the air in the Tapping mode. Magnetic Force
Microscopy (MFM) images were acquired using the same microscope working in the lift mode. In all
MFM measurements standard silicon cantilevers with Co/Cr coating with a nominal spring constant
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of 2 N/m were used. Before scanning the cantilevers, they were magnetized with a small magnet.
All MFM phase images were taken with the lift (surface-tip distance) of 250 nm.
3. Results
The metal derivatives of butadiene rubber-based PhCP were chosen as the model systems of used
CFP. PhCP material presented in this paper was characterized before in our previous works [33–35]
using solid state NMR, FTIR spectroscopy, elemental analysis, cation-exchange capacity measurement,
potentiometric titration, and SEM analysis. The general characteristics of PhCP is presented in Table 1.
Table 1. The main characteristic of the PhCP.
Characteristic Type
Polymer matrix structure Cross-linked butadiene rubber
The main functional groups Phosphonate (−OP(O)(OH)2);Phosphate (−P(O)(OH)2)
Other functional groups >CH–Cl;>CH–OH
Ionic form H+
Total exchange, equiv/kg of dry polymer 9.3
Ionization constant: pKa1, pKa2 4.4; 8.6
Size of particles, mm 0.30−0.40
Surface morphology Porous and rough structure
The cross-linked structure of PhCP implies its insolubility in both aqueous solutions and organic
solvents. The porous structure and the presence of the main functional groups promotes the efficient
sorption of metal ions (Co2+; Ni2+; Fe3+). We propose the usage of an efficient one-step thermal
degradation process to transform used CFP into carbon/magnetic composites (CMC), which is
schematically shown in Scheme 1. The amounts of the adsorbed metal additives in the PhCP were
determined to be equal to 122 mg/g for Co2+, 130 mg/g for Ni2+ and 95 mg/g for Fe3+. Involvement
of functional groups of PhCP in the adsorption of metal ions was confirmed by FTIR spectroscopy
(Figure 1). The metal derivatives of PhCP were subjected to a standard thermal degradation process
(TD) (Figure 2), and as a result, CMC containing a given metal obtained: Co-CMC; Fe-CMC,
and Ni-CMC. Structure and magnetic properties of the obtained CMC were investigated by FTIR
(Figure 4), SEM (Figure 5), XRD analysis (Figure 6), and AFM-MFM techniques (Figure 7). Similar
experiments were carried out for non-magnetic CM, which were obtained by thermal degradation of
native PhCP. CM were investigated by FTIR (Figure 4) and SEM analysis (Figure 5).
Scheme 1. Synthesis procedure of carbon/magnetic composites.
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3.1. FTIR Spectra of PhCP and Its Metal Derivatives
The FTIR spectra of the PhCP and all metal derivatives are shown in Figure 1. In the spectrum of
native PhCP (Figure 1A) the IR bands in the region of 1200–1150 cm−1 can be assigned to –P=O group
vibrations, while the bands slightly below 3000 cm−1 (C–H stretching vibration) and at about 1446
cm−1 (C–H bending vibrations) to C–H vibrations of polymer main chains. The band at about 3394
cm−1 is attributed to OH vibration in –PO(OH)2 groups. IR band at 986 cm−1, corresponds to C–O–P
bond and indicates attachment of –PO(OH)2 groups to the polymer chains [20,33]. Mutual comparison
of the bare PhCP and its metal forms (see Figure 1B–D) revealed some differences in the region
between 800–1200 cm−1. IR bands in the range of 1000–800 cm−1 are slightly shifted towards shorter
wavenumbers indicating formation of -P(O)(OH)O− anions. Furthermore, absorption of P=O groups
seems to be more pronounced (1158 cm−1). All these changes indicate ion-coordination interaction of
metal ions with the polymer functional groups, which is characteristic for the other polymers with
similar functional groups ([36,37]).
Figure 1. Normalized transmittance FTIR spectra of: A) PhCP, B) Ni-PhCP, C) Fe-PhCP, and D) Co-PhCP.
3.2. TD of the PhCP and Its Metal Forms (Co-PhCP, Fe-PhCP and Ni-PhCP)
TG/DTG curves of the PhCP and all metal derivatives (Co-PhCP, Fe-PhCP, and Ni-PhCP),
indicating the degradation stages and weight losses were are shown in Figure 2. The degradation
of the samples proceeds in three stages, irrespective to its ion forms (H+ or Men+). Moreover the
degradation temperatures characteristic for the studied derivatives are different that is common for
phosphorus-containing polymers [36–38]. The characteristic temperature of the first stage is situated in
the range between 36 and 105 ◦C and the weight loss is varied around 4.2 wt.% for the PhCP. Weight
loss at this stage is caused by the elimination of physically-adsorbed water incorporated inside the
pores and water hydrogen-bonded with the functional groups. The first stages for degradation of
the metal derivatives of PhCP were recorded in relatively wide temperature ranges (36–141 ◦C for
Co-PhCP; 36–131 ◦C for Fe-PhCP; and 36–155 ◦C for Ni-PhCP) and the weight losses were bigger in
comparison to PhCP. Metal ions could create aqua [Me(H2O)6]n+ and hydroxo [Me(H2O)x(OH)6−x]n+
complexes in water solutions and they are able to be adsorbed in the same form [39]. Thus, in the metal
forms of PhCP water content seems to be bigger than in the parent PhCP. Moreover, the results show
that the weight loss differ among the samples: Co-PhCP (8.4%); Fe-PhCP (5.3%); and Ni-PhCP (9.2%),
which is caused by different amounts of adsorbed metal ions in the polymer structures. The second
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decomposition stages are characterized by a very large changes in TG curve slopes and a great weight
loss for all the samples. The weight losses of the metal derivatives of PhCP are lower than for the
native form of PhCP. The second stage is based on dehydratation and anhydridization processes of
phosphonate and phosphate groups and elimination of hydrochloride from the polymer structure.
The HCl released in the decomposition process may react with metal ions to form metal chlorides and
finally release them from the structure. The third weight loss occurs above 300 ◦C and is characterized
by a very sharp change on TG curve slopes. The weight loss has increased to the level of 35–42%
and can be attributed to the elimination of the side groups from the polymeric chains, random
depolymerization, and detachment of large organic molecules formed in the second stage. In the third
stage all processes characteristic of a high temperature degradation like cracking and gasification occur
as well. The obtained results show that metals derivatives of PhCP lose their weight relatively more
efficiently than native PhCP. This can be explained by the fact that in a wide temperature range the
metal ions incorporated into polymeric matrix will be already present in the oxide form, which shows
the catalytic effect during the degradation process. Finally, the residuals of metal derivatives of PhCP
after TD were specified as CMC.
Figure 2. TG/DTG curves of the PhCP (A), Co-PhCP (B), Fe-PhCP (C), and Ni-PhCP (D). Heating rate:
1 K·min−1.
3.3. TD Kinetics of the PhCP and Its Metal Derivatives
According to non-isothermal kinetic theory, thermal degradation of polymers can be described by
the following function:
dα
dT
=
1
β
Ae
−Ea
RT f (α) (1)
where f (α) is a differential expression of a kinetic model function, α is a fractional mass loss, β is a
heating rate, Ea is an activation energy, A is a pre-exponential factor for a given decomposition reaction,
and T is temperature, and R is the general gas constant. The fractional mass loss ranges from 0 and
1 and expresses the reaction progress as a function of time or temperature. For non-isothermal TG
analysis, the fractional mass loss at any time is equal to:
α =
m0 −mT
m0 −m∞ (2)
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where m0 is the initial sample weight, mT is the sample weight at temperature T, and m∞ is the final
sample weight. In this study, Ozawa–Flynn–Wall (OFW) ([40–42] and Friedman [43] methods were
applied to explain the thermal degradation, by obtaining the activation energy and pre-exponential
factor for the thermal degradation of each sample. The kinetic parameters were calculated using a
Netzsch Thermokinetics Software (Netzsch, Selb, Germany) [44]. The mean values of Ea and A for the
four samples are presented in Table 2.
Table 2. The kinetics parameters obtained by Friedman and OFW methods for PhCP and all metal
forms (Co-PhCP, Fe-PhCP, and Ni-PhCP).
Sa
m
pl
es Step I Step II Step III
Ea, kJ·mol−1 lgA, s−1 Ea, kJ·mol−1 lgA, s−1 Ea, kJ·mol−1 lgA, s−1
Friedman OFW Friedman OFW Friedman OFW Friedman OFW Friedman OFW Friedman OFW
Ph
C
P 62.4
± 1.6
63.5
± 2.2
7.14
± 0.40
6.82
± 0.96
131.4
± 4.3
125.4
± 4.6
11.89
± 2.37
10.36
± 3.06
141.8
± 5.1
142.9
± 5.6
9.04
± 1.60
9.41
± 1.48
C
o-
Ph
C
P
71.7
± 8.4
75.4
± 7.6
7.56
± 3.09
8.06
± 3.59
127.3
± 12.2
126.0
± 12.0
11.11
± 1.63
10.72
± 0.79
175.0
± 9.0
167.4
± 6.7
10.18
± 2.81
10.00
± 1.56
Fe
-P
hC
P
66.5
± 21.9
70.1
± 22.5
5.91
± 1.66
6.14
± 1.75
119.7
± 8.7
117.8
± 11.5
9.47
± 0.83
9.22
± 0.98
167.9
± 14.4
155.7
± 11.62
10.89
± 2.85
9.55
± 2.17
N
i-
Ph
C
P
73.0
± 4.0
75.6
± 3.7
7.67
± 2.25
7.51
± 2.54
145.0
± 20.5
137.7
± 17.06
11.53
± 1.20
11.18
± 1.62
190.5
± 17.0
187.4
± 15.1
12.37
± 2.66
12.14
± 1.61
Kinetic parameters for the first degradation stage were calculated by the two methods and the
values are approximately similar for all samples. The overall Ea of the first degradation stage varied
between 60.0 and 75.0 kJ·mol−1. Kinetic parameters values of the second thermal degradation stage
are higher than for the previous stage. The third stage is characterized by highest values of Ea that
are 20–50 kJ·mol−1 higher for the metals derivatives than for bare PhCP. It clearly indicates that the
presence of metal compounds is caused by the difficulties with removing the decomposition products
from the reaction medium strongly influences Ea values.
The third parameter of the kinetic triplet is reaction order, which was calculated from the
results of the Friedman method. The reaction order was calculated using derivations from
Equations (1) and (3) [45].
f (α) = (1− α)n (3)
The results are listed in Table 3.
Table 3. Reaction order obtained by Friedman method for PhCP and all metal forms (Co-PhCP, Fe-PhCP,
and Ni-PhCP).
Samples Step I StepII
Step
III
PhCP 0.68 2.91 1.86
Co-PhCP 1.00 3.28 0.50
Fe-PhCP 1.30 2.88 1.69
Ni-PhCP 0.50 3.20 0.83
As it can be seen in Table 3, the reaction orders were higher than 2.5 for the second step
demonstrating that the mechanism of the thermal degradation was complex.
During the thermal degradation process significant change associated with structure of the
samples takes place in the second and third stages. Therefore, to have a more complete image of the
thermal behavior of the studied samples, the variations of Ea vs α (fractional mass loss) during the
second and the third degradation stages were plotted in Figure 3.
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Figure 3. Variations of Ea vs. fractional mass loss (α) for the second (A) and third (B) degradation
stages of the samples based on Friedman (1) and OFW (2) methods.
The shape of the Ea–α plot in Figure 3A made us suppose that during the second stage increasing
the temperature causes the continuous changes of the Ea. These results also show that the Ea–α plot for
the metal derivatives is a little bit different than the corresponding plot for PhCP. The Ea variations vs.
α for samples, which take place in the third degradation stages are plotted in Figure 3B. The Ea values
change non-linearly with α parameter indicating variations in the degradation pathways. At this
degradation stage, the decrease of Ea (in some ranges of α) could also be caused by the loss of the
degraded compounds formed by the detachment of the functional groups from the polymeric matrix.
This variation of Ea, characterized by a strong increases or decreases as a function of α, could be
assigned either to some competitive processes or to the depolymerization in non-stationary conditions.
Finally, by comparison of the Ea–α plots obtaining two different methods, almost similar behavior in
the second and the third stage was observed. That means that either the differential of Friedman or
the integral method of OFW can provide a satisfactory mathematical approach to establish the kinetic
parameters for the thermal degradation process.
3.4. Structural Characteristics of the Carbon Material and Carbon/Magnetic Composites
FT-IR spectra of CM and CMCs (Co-CMC; Fe-CMC, Ni-CMC) were shown in Figure 4. The IR
spectrum of CM strongly revealed reduced absorption from organic-based compounds (Figure 4A)
as the most intense bands lay below 1400 cm−1 and correspond to P–O, P=O, P–O–P and C–O–C
groups. According to the literature, strong absorption in the mentioned region corresponds to oxidized
carbons [46], carbons activated with phosphoric acid [47,48], as well as phosphorus and phosphor
carbonaceous compounds. It means that PhCP after TD process is almost completely decomposed
with residual phosphorus and phospho-carbonaceous compounds. In the case of CMC, practically no
bands assigned to organic-based compounds/groups could be observed (Figure 4B–D). It seems that
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decomposition of those samples proceeded better than for CM as only IR bands assigned to inorganic
compounds were detected (the bands below 1400 cm−1). The above mentioned bands are distinctly
separated from each other due to the different strength of the bonds between metals and various
phosphorus oxide anions [PxOy]n− [49,50].
Figure 4. The FTIR spectra of: A) CM, B) Co-CMC, C) Fe-CMC, and D) Ni-CMC.
SEM images of the samples were shown in Figure 5. The SEM images show that unlike the CM
(Figure 5A.) characterized with a relatively uniform surface, all CMCs (Figure 5B–D) have bright,
heterogeneous surface as a result of the incorporation of various metal compounds into their structures.
Figure 5. SEM images of the samples: A—CM; B—Co-CMC; C—Fe-CMC, and D—Ni-CMC.
X-ray diffraction (XRD) measurements were taken for interpretation of phase and structure
composition of the obtained CMC (Figure 6).
Materials 2018, 11, 2595 10 of 14
Figure 6. XRD patterns of the samples: A—Ni-CMC, B—Co-CMC, and C—Fe-CMC.
It can be seen that XRD pattern of Ni-CMC and Co-CMC contain a large number of
well-resolved peaks. Analysis performed using X’Pert software revealed that the composites are
of a multiphase character. The main crystalline phases present in Ni-CMC and Co-CMC were
specified as: Nickel phosphate Ni(PO3)2, dinickel phosphide Ni2P, dinickelcyclo-tetraphosphate
Ni2(P4O12), cobalt phosphate Co(PO3)2, and cobalt phosphide CoP, respectively. These differences
between composites (Ni-CMC and Co-CMC) could be explained by the amount of metal ions in
the initial functional polymers. As mentioned above, the amount of metal ions in the Ni-PhCP
was greater than in the Co-PhCP. It may partially explain the fact that in the corresponding
composite (Ni-CMC) three phases were identified whereas there are only two phases in the Co-CMC.
Furthermore, it should be noted that dehydration and reduction reactions of phosphorus-containing
functional groups (see Table 1) are responsible for the formation of the metal-phosphorus compounds.
The semiquantitative analysis showed that the composition of Ni-CMC and Co-CMC are as
follows: 50%-Ni(PO3)2, 12%-Ni2P, 39%-Ni2(P4O12); 76%-Co(PO3)2, and 24%-CoP. Table 4 lists the
crystallographic parameters of the identified compounds in the Ni-CMC and Co-CMC. It can be
noticed that the respective parameters for phosphides and phosphates of the corresponding metals
are close.
Table 4. Lists the crystallographic parameters of identified compounds in the Ni-CMC and Co-CMC.
Compound
The Lattice Parameters (nm)
Crystal System Space Group Space Group Number
a b c
Ni(PO3)2 1.11 0.82 0.98 Monoclinic C2/c 15
Ni2P 0.86 0.86 0.34 Hexagonal P-62m 189
Ni2(P4O12) 11.61 8.22 9.83 Monoclinic C2/c 15
Co(PO3)2 1.12 0.83 0.99 Monoclinic C2/c 15
CoP 0.51 0.33 0.56 Orthorhombic Pnma 62
In the XRD pattern of Fe-CMC broad bands in the range 39–48◦ and 20–35◦ can be noticed as
well (Figure 6). The pattern also revealed strong diffraction peak at 2θ: 50◦ and peak at 2θ: 29◦ and
90◦, but other peaks were not well resolved. The analysis and pattern matching can be difficult due
to the quality of the diffractogram with a low signal to noise ratio that is probably related to a very
low amount of iron in the composite. In general, this sample probably also contains phosphates
(iron phosphates), but this requires further confirmation and additional experiments.
3.5. AFM-MFM Characteristics of the CM and CMCs
MFM was used to confirm magnetic properties of the obtained composites. The microscope
worked in the interleave mode which allowed to obtain AFM topography, phase image, and MFM
magnetic phase image form exactly the same spots on the sample. All samples with carbon/magnetic
composites, which are shown in AFM images reveal signal on the MFM phase image as well.
This situation occurs only when samples posses a magnetic domains, which are able to interact
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with magnetized tip. That clearly suggest that the investigated samples exhibit relatively strong
magnetic properties. AFM images taken for the Fe-CMC, Co-CMC, and Ni-CMC are shown in Figure 7.
Moreover AFM technique was used to measure the average size of nanoparticles: Fe-CMC—138 ± 8
nm, Co-CMC—112 ± 14 nm, and Ni-CMC—123 ± 16 nm.
Figure 7. AFM topography and magnetic phase images for Fe-CMC (A), Co-CMC (B), and Ni-CMC
(C). An arrows indicates magnetic particles.
4. Conclusions
Metal derivatives of butadiene rubber-based phosphorus-containing polymer (Fe-PhCP, Co-PhCP,
and Ni-PhCP) were investigated as models of used crosslinked functional polymers (CFP). They were
used as precursors for preparation of carbon/magnetic composites by a facile TD process. Moreover
thermal behavior of Fe-PhCP, Co-PhCP, Ni-PhCP, and kinetic analysis of the TD were presented.
We confirmed that degradation of the PhCP samples proceeds in three stages. The values of weight
losses and kinetic parameters of the samples differ between native PhCP to all metal derivatives.
A structural and morphological changes of PhCP with all metal derivatives and carbon/magnetic
composites (CMC) formed after the thermal degradation were confirmed by FTIR technique. Moreover
SEM analysis showed that the presence of metal-containing compounds lead to heterogenization of
surfaces. XRD measurements were used to characterize the phase composition and structure of the
obtained CMC. The semiquantitative analysis showed that the composition of Ni-CMC and Co-CMC
reaches 50% for Ni(PO3)2, 12% for Ni2P, 39% for Ni2(P4O12); 76% for Co(PO3)2, and 24% for CoP.
The differences of multiphase character of composites (Ni-CMC and Co-CMC) could be explained by
the variation in the amount of metal ions in the initial functional polymers. Unfortunately, due to a
very low amount of iron in the Fe-CMC samples, the XRD pattern showed only a very weak signal.
AFM-MFM analyses of the samples showed that the composites have a strong magnetic properties.
Thus, the offered approach is an environment-friendly and resource saving application of used CFP
treatment methods. Our approach allowed us to obtain promising carbon/magnetic materials and
might be useful for solving problems associated with used functional polymers.
Author Contributions: R.A., S.Z. and M.S. initiated and designed all of the experiments. R.A, J.I., K.W., S.F.,
M.S. and K.G. performed the experiments. R.Z., J.P. and C.K. analyzed the data. R.A, S.Z and M.S. wrote
the manuscript.
Materials 2018, 11, 2595 12 of 14
Funding: This research was funded by Science Development Foundation under the President of the Republic of
Azerbaijan (EI˙F-Mob-6-2014-3(18)) and German Research Center for Environmental Health, Helmholtz Zentrum
München, Joint Mass Spectrometry Centre, Cooperation Group “Comprehensive Molecular Analytics”. The part
of research was done by the authors when Rasim Alosmanov joined the group of Szczepan Zapotoczny under
Erasmus Mundus Electra program (ELEC1400144). Moreover Karol Wolski would like to thank the Fundation for
Polish Science for the financial support (START 96. 2018).
Acknowledgments: The authors would like to thank Karolina Chojnacka-Górka (Faculty of Chemistry,
Jagiellonian University) for her help in SEM measurements.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Alexandratos, S. Ion exchange resins: A retrospective from industrial and engineering chemistry research.
Ind. Eng. Chem. Res. 2009, 48, 388–398. [CrossRef]
2. Regel-Rosocka, M. A review on methods of regeneration of spent pickling solutions from steel processing.
J. Hazard. Mater. 2010, 177, 57–69. [CrossRef]
3. Fu, F.; Wang, Q. Removal of heavy metal ions from wastewaters: A review. J. Environ. Manag. 2011,
92, 407–418. [CrossRef] [PubMed]
4. Matsuda, M.; Funabashi, K.; Kawamura, F.; Uchida, S.; Ohsumi, K. Application of Carboxylic Acid Cation
Exchange Resin to Water Purification in Nuclear Power Plants. Nucl. Technol. 2017, 78, 62–68. [CrossRef]
5. Hashim, M.A.; Mukhopadhyay, S.; Sahu, J.N.; Sengupta, B. Remediation technologies for heavy metal
contaminated groundwater. J. Environ. Manag. 2011, 92, 2355–2388. [CrossRef]
6. Van Deventer, J. Selected Ion Exchange Applications in the Hydrometallurgical Industry. Solvent Extr. Ion
Exch. 2011, 29, 695–718. [CrossRef]
7. Liu, Z.; Zhu, S.; Li, Y. A new regeneration approach to cation resins with aluminum salts: Application of
desalination by its mixed bed. Front. Environ. Sci. Eng. 2012, 6, 45–50. [CrossRef]
8. Chandrasekara, N.; Pashley, R. Study of a new process for the efficient regeneration of ion exchange resins.
Desalination 2015, 357, 131–139. [CrossRef]
9. Liu, X.; Li, Y.; Wang, C.; Ji, M. Cr (VI) Removal by a New Type of Anion Exchange Resin DEX-Cr: Adsorption
Affecting Factors, Isotherms, Kinetics, and Desorption Regeneration. Environ. Prog. Sustain. 2015, 34, 387–393.
[CrossRef]
10. Zagarodni, A.; Kotova, D.L.; Selemenev, V.F. Infrared spectroscopy of ion exchange resins: Chemical
deterioration of the resins. React. Funct. Polym. 2002, 53, 157–171. [CrossRef]
11. Wang, J.; Wan, Z. Treatment and disposal of spent radioactive ion-exchange resins produced in the nuclear
industry. Prog. Nucl. Energy 2015, 78, 47–55. [CrossRef]
12. Dubois, M.A.; Dozol, J.F.; Nicotra, C.; Serose, J.; Massiani, C. Pyrolysis and incineration of cationic and
anionic ion-exchange resins—Identification of volatile degradation compounds. J. Anal. Appl. Pyrolysis. 1995,
31, 129–140. [CrossRef]
13. Kinoshita, K.; Hirata, M.; Yahata, T. Treatment of ion-exchange resins by fluidized bed incinerator equipped
with copper oxide catalyst. J. Nucl. Sci. Technol. 1991, 28, 228–238. [CrossRef]
14. Juang, R.S.; Lee, T.S. Oxidative pyrolysis of organic ion exchange resins in the presence of metal oxide
catalysts. J. Hazard. Mater. 2002, 92, 301–314. [CrossRef]
15. Chun, U.K.; Choi, K.; Yang, K.H.; Park, J.K.; Song, M.J. Waste minimization pretreatment via pyrolysis and
oxidative pyrolysis of organic ion exchange resin. Waste Manag. 1998, 18, 183–196. [CrossRef]
16. Zhou, G.; Zhong, W.; Zhao, H.; Jin, B.; Wang, T.; Liu, F. Heat transfer of spent ion exchange resin in iron ore
sintering process. Appl. Therm. Eng. 2015, 88, 258–264. [CrossRef]
17. Wasielewski, R.; Sobolewski, A. Industrial Utilization of Spent Ion Exchange Resin in the Coke Battery.
Coke Chem. 2011, 54, 66–71. [CrossRef]
18. Soykan, C.; Coskun, R.; Delibas, A. Thermodegradation of poly(4-vinylpyridine-co-crotonic
acid-co-divinylbenzene) and N-oxide derivatives. Therm Acta. 2007, 456, 152–157. [CrossRef]
19. Zhang, J.; Qian, H. Thermal behavior of typical weak basic ion exchange resin. J. Therm. Anal. Cal. 2014,
115, 875–880. [CrossRef]
Materials 2018, 11, 2595 13 of 14
20. Alosmanov, R.; Wolski, K.; Matuschek, G.; Magerramov, A.; Azizov, A.; Zimmermann, R.;
Aliyev, E.; Zapotoczny, S. Effect of functional groups on the thermal degradation of phosphorus- and
phosphorus/nitrogen-containing functional polymers. J. Therm. Anal. Calorim. 2017, 130, 799–812. [CrossRef]
21. Alosmanov, R.; Szuwarzyn´ski, M.; Schnelle-Kreis, J.; Matuschek, G.; Magerramov, A.; Azizov, A.;
Zimmermann, R.; Zapotoczny, S. Magnetic nanocomposites based on phosphorus-containing
polymers—Structural characterization and thermal analysis. Nanotechnology 2018, 29, 135708. [CrossRef]
[PubMed]
22. Gunko, V.M.; Leboda, R.; Skubiszewska-Zieba, J.; Charmas, B.; Oleszczuk, P. Carbon adsorbents from waste
ion-exchange resin. Carbon 2005, 43, 1143–1150. [CrossRef]
23. Bratek, W.; Bratek, K.; Kułazynski, M. The utilization of waste ion exchange resin in environmental protection.
Fuel Process Technol 2002, 77–78, 431–436. [CrossRef]
24. Bratek, W.; Bratek, K.; Kułazynski, M. Carbon adsorbents from waste ion-exchange resin. Carbon 2002,
40, 2213–2220. [CrossRef]
25. Skubiszewska-Zieba, J.; Leboda, R.; Charmas, B.; Grzegorczyk, W.; Szmigielski, R. On the preparation of
synthetic carbon adsorbents using the sulfonated ion exchange resin Duolite C-20. J. Therm. Anal. Calorim.
2006, 86, 187–194. [CrossRef]
26. Long, C.; Lu, J.D.; Li, A.M.; Hu, D.B.; Liu, F.Q.; Zhang, Q.X. Adsorption of naphthalene onto the carbon
adsorbent from waste ion exchange resin: Equilibrium and kinetic characteristics. J. Hazard. Mater. 2008,
150, 656–661. [CrossRef] [PubMed]
27. Shi, Q.; Li, A.; Zhou, Q.; Shuang, C.; Li, Y.; Ma, Y. Utilization of waste cation exchange resin to prepare
carbon/iron composites for the adsorption of contaminants in water. J. Ind. Eng. Chem. 2014, 20, 4256–4260.
[CrossRef]
28. Kalia, S.; Kango, S.; Kumar, A.; Haldorai, Y.; Kumari, B.; Kumar, R. Magnetic polymer nanocomposites for
environmental and biomedical applications. Colloid Polym. Sci. 2014, 292, 2025–2052. [CrossRef]
29. Behrens, S.; Appel, I. Magnetic nanocomposites. Curr. Opin. Biotechnol. 2016, 39, 89–96. [CrossRef]
30. Sumaraj, L.; Padhye, P. Influence of surface chemistry of carbon materials on their interactions with inorganic
nitrogen contaminants in soil and water. Chemosphere 2017, 184, 532–547. [CrossRef]
31. Puziy, A.M.; Poddubnaya, O.I. The Properties Of Synthetic Carbon Derived From Nitrogen- and
Phosphorus-Containing Polymer. Carbon 1998, 36, 45–50. [CrossRef]
32. Puziy, A.M.; Poddubnaya, O.I.; Martınez-Alonso, A.; Suarez-Garcıa, F.; Tascon, J.M.D. Synthetic carbons
activated with phosphoric acid. I. Surface chemistry and ion binding properties. Carbon 2002, 40, 1493–1505.
[CrossRef]
33. Akhmedov, V.M.; Alfadul, S.; Maharramov, A.M.; Azizov, A.A.; Alosmanov, R.M.; Buniyad-Zadeh, I.A.
Modification of industrial divinyl rubber by oxidative chlorophosphorylation and assessment of metal ion
removal efficiency of obtained polymer sorbent. Pol. J. Chem. Tech. 2015, 17, 112–118. [CrossRef]
34. Alosmanov, R.M.; Azizov, A.A.; Magerramov, A.M. NMR Spectroscopic Study of Phosphorus-Containing
Polymer Sorbent. Russ. J. Gen. Chem. 2011, 81, 1477–1479. [CrossRef]
35. Alosmanov, R.M.; Azizov, A.A.; Maharramov, A.M.; Buniyadzadeh, I.A. Acid base and sorption properties
of phosphorus containing polymeric sorbent. Mater. Res. Innov. 2010, 14, 414–418. [CrossRef]
36. Marcelo, A.V.; de Santa Maria, L.C.; Costa, A.S.; Hui, W.S.; Costa, L.C.; Filho, H.C.; Amico, S.C. Synthesis,
characterization and evaluation of phosphorylated resins in the removal of Pb2+ from aqueous solutions.
Polym. Bull. 2011, 67, 237–249.
37. Davidescu, C.M.; Ciopec, M.; Negrea, A.; Popa, A.; Lupa, L.; Dragan, S.; Ardelean, R.; Ilia, G.;
Iliescu, S. Synthesis, characterization, and Ni(II) ion sorption properties of poly(styrene-co-divinylbenzene)
functionalized with aminophosphonic acid groups. Polym. Bull. 2013, 70, 277–291. [CrossRef]
38. Popa, A.; Muntean, S.G.; Paska, O.M.; Iliescu, S.; Ilia, G.; Zhang, Z. Resins containing a hydroxyphosphonic
acid groups used for adsorption of dyes from wastewater. Polym. Bull. 2011, 66, 419–432. [CrossRef]
39. Persson, I. Hydrated metal ions in aqueous solution: How regular are their structures? Pure Appl. Chem.
2010, 82, 1901–1917. [CrossRef]
40. Ozawa, T. A new method of analyzing thermogravimetric data. Bull. Chem. Soc. Jpn. 1965, 38, 1881–1886.
[CrossRef]
41. Flynn, J.H.; Wall, L.A. A quick direct method for the determination of activation energy from
thermogravimetric data. J. Polym. Sci. C Polym. Lett. 1966, 4, 323–328. [CrossRef]
Materials 2018, 11, 2595 14 of 14
42. Popescu, C. Integral method to analyse the kinetics of heterogeneous reactions under non-isothermal
conditions. A variant on the Ozawa–Flynn–Wall method. Thermochim. Acta. 1996, 285, 309–323. [CrossRef]
43. Friedman, H.L. Kinetics of thermal degradation of char-forming plastics from thermogravimetry. Application
to a phenolic plastics. J. Polym. Sci. C 1965, 6, 183–195. [CrossRef]
44. NETZSCH-Thermokinetics 3.1 Software Help.
45. Phadnis, A.; Deshpande, V. Determination of the kinetics and mechanism of a solid state reaction. A simple
approach. Thermochim. Acta. 1983, 62, 361–367. [CrossRef]
46. Zawadzki, J. Infrared spectroscopy in surface chemistry of carbons. Chem. Phys. Carbon 1989, 21, 147–386.
47. Jagtoyen, M.; Thwaites, M.; Stencel, J.; McEnaney, B.; Derbyshire, F. Adsorbent carbon synthesis from coals
by phosphoric acid activation. Carbon 1992, 30, 1089–1096. [CrossRef]
48. Toles, C.; Rimmer, S.; Hower, J.C. Production of activated carbons from a Washington lignite using phosphoric
acid activation. Carbon 1996, 34, 1419–1426. [CrossRef]
49. Trojan, M.; Brandova, D. Study of thermal dehydration of Co12Mg12(H2PO4)2·3H2O Thermochim. Acta. 1990,
59, 1–12.
50. Brandova, D.; Trojan, M.; Arnold, M.; Paulik, F. Thermal study of decomposition of Cu1/2Mg1/2(H2PO4)2.0.5
H2O. J. Therm. Anal. Calorim. 1990, 36, 677–684.
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
